When the shallow tunnel is constructed on the slope terrain in the mountains, there are the potential risks such as landslide induced by cutting the slope and the non-compacted backfill material during the construction of the cut-andcover tunnel. In order to solve these problems, based on a practical engineering, the optimized construction plans of the cut-and-cover tunnel were analyzed by particle flow code (PFC), the key parts of the open-cut construction were identified, and the anti-slide piles countermeasures were proposed. Furthermore, the grouting reinforcement process for the non-compacted backfill material around the shallow tunnel was simulated by PFC, and the variation characteristics of the porosity and grouting pressure were revealed as well. The results are of great value to the similar engineering.
Introduction
In recent years, with the rapid development of China's economy, the shallow tunnels on the slope terrain in the mountains gradually increased. Since the cover layer of the shallow tunnel is thinner, the open-cut method is usually used to build the shallow tunnel. Then there are the potential risks such as landslide induced by cutting the slope and the non-compacted backfill material during the construction of the cut-and-cover tunnel. So it is very important for safety construction to research on the key technologies of the shallow tunnel [1] .
Due to the influence of multiple disturbance of the surrounding rock in period of the shallow tunnel construction, the mechanical behaviors of the cut-and-cover tunnel differ greatly in different construction stages, which often bring great difficulties and potential risks to construction. Therefore, many scholars conducted studies about these problems. For example, Y.M. Wu et al. researched on the distribution and the developing law of displacement and stress of the half-buried tunnel under different conditions by numerical simulation method [2] . Z.L. Shu et al. discussed the stability of the tunnel portal section by the method of half-buried tunnel construction based on design and construction of Qiaowu tunnel [3] . Z. Zhang et al. analyzed the bolt mechanical behavior during the half-dark arch tunnel construction by numerical simulation method [4] . B. Li studied the causes and hazards of unsymmetrical pressure tunnel through cases collection and statistical analysis, and the influence factors of critical depth of unsymmetrical pressure tunnel were analyzed as well as the principle of control measures [5] . G. Dai et al. identified the construction sequence and support scheme for the portal of the shallow tunnel under unsymmetrical pressure combining with the engineering case of Beileyuan tunnel [6] . In addition, foreign scholars M. Karakus et al. made a finite element analysis for the twin metro tunnel constructed in Ankara Clay [7] . C.F. Hage et al. conducted numerical analysis of the interaction between twin-tunnels in order to reveal the influence of the relative position and construction procedure [8] . H. Mroueh et al. had completed threedimensional centrifuge modelling of the effects of twin tunnelling on an existing pile [9] . In order to ensure the stability of the cut-and-cover tunnel, the grouting technique is commonly used to reinforce the surrounding rock of the tunnel. At present, it is still in the trial and exploratory stage for the slurry diffusion process within the soil medium, the effective diffusion range and grouting pressure dissipation, etc [10] [11] [12] . H. Zhu et al. analyzed the mechanism of the high pressure and jet grouting for tunnel surrounding soil reinforcement [13] . W. Lv et al. analyzed the deformation and plastic zone of the shallow tunnel based on the mechanism of the grouting reinforcement [14] . F. Sun et al. based on the assumption of Bingham fluid and narrow plate model of grouting diffusion, developed a formula for calculating the diffusion radius in soil considering the timevarying behaviors of grout [15] , etc.
Overall, there are still many problems to be studied for the shallow tunnels being built on the slope terrain in the mountains. Therefore, based on a practical engineering, this paper focused on risk assessment on the construction of the cut-and-cover tunnel, and researched on the grouting reinforcement mechanism for the tunnel surrounding soil by using PFC technique.
Engineering Background
Taking the highway tunnel on the gravel slope containing clay as an example (Fig. 1) , of which the design clear width is 11.0 m and clear height is 5.0 m, and the design driving speed is 80 km/h.
The surrounding rock of the highway tunnel, belonging to class V, is mainly residual soil and fully-strongly weathered tuff. Its stability is poor with the developed rock fracture, where collapse and landslide are easily to occur during open cut construction. The hydro-geological conditions are simple. 
Mechanics Effect Analysis of Anti-slide Pile
In order to evaluate the mechanics effect on the anti-slide pile, the particle flow code (PFC) was adopted to simulate the both conditions of installing anti-slide pile and no antislide pile during the construction of the cut-and-cover tunnel.
Building Computational Model
In 1971, P.A. Cundall proposed the discrete element method, then Cundall and Strack developed and launched the commercial particle element programs of PFC 2D and PFC
3D
suitable for rock and soil mechanics. PFC is a micro mechanics program developed by using the explicit difference algorithm and the discrete element theory. Based on the internal structure of medium (particles and contacts), PFC can be used to study the macro mechanical characteristics and mechanical response of the micro level of mechanical behavior. According to the engineering geological conditions and the tunnel construction scheme, the computational model was built based on the typical section as shown in Fig. 2 . The bottom and the both side boundaries of the model were fixed, and the top walls were removed after the particles completely generated and the initial stress obtained. Interactions within particles representing the rock and soil mass were described by a contact-bond model, while the connections of particles composing the foundation and arch were simulated with a parallel-bond model to describe the mechanical behavior of tensile, shear and bending moment. The physical and mechanical parameters adopted in the calculation were listed in Table 1 . 
Simulation Analysis Scheme
The simulation analysis scheme of the tunnel construction was as follows：
Step 1: Particle generation and initial self-weight stress field calculation. Firstly, the closed walls were created as the model boundaries. Secondly, a certain number of particles of small radius were generated inside the walls with many voids among them, and then the voids were diminished by particle radius expansion. Lastly, the initial stress equilibrium of the particle assemblies was obtained under the self-weight field.
Step 2: Tunnel excavation and protection slope with core soil reserved. Particles representing the excavation area were deleted following by 20 % increase of friction coefficient and contact-bond strength of the particles that were within the range of right side slope surface to 3.5 meters below according to the engineering analogy method and the engineering experiences, to approximately simulate the bolt reinforcement effect on the slope. Calculation was continued until stress equilibrium to observe the slope deformation due to excavations.
Step 3: Before the construction of left foundation and arch, two cases were considered: with anti-slide pile or not. The foundation and arch were modelled by corresponding shaped particle assemblies with the PFC built-in FISH and Generate command, in which the particle-particle contact was simulated with parallel-bond model in order to play a supporting role. According to the engineering experiences, in order to reflect the bending effects of the modeling piles and tunnel wall, which were regarded as parallel-bond links.
Step 4: Backfilling rubble concrete at arch foot and soilstone at vault under the condition of anti-slide pile installation and that of without the pile. Walls were temporarily introduced for generating specific shaped assemblies of backfill particles with the PFC built-in FISH and Generate command, after which the temporary walls were deleted and then calculated to stress equilibrium state.
Step 5: Core soil excavation under the condition of antislide pile installation and that of without the pile. The core soil was excavated after the installation of arch and the backfill. As there always was certain time difference between the excavating and supporting, the situation that core soil excavated but not yet supported should be considered by calculating to equilibrium state at this moment, the excavation effect on the right side of the slope could be observed.
Step 6: The inverted arch excavation and backfill with the anti-slide pile installation. The soil particles in tunnel bottom area were deleted and the particles representing inverted arch were generated by using parallel-bond model.
The detail simulation procedures were as follows: Fig. 3 shows the displacement vector field of the slope after open-cut, from which it can be seen that two slopes were formed at both sides of the tunnel location after 1:1 stepslope excavation, with a low left slope and the right slope at 17 meters high. As the rock and soil of the interested area was mainly loose gravel with clay, the large displacement toward the free side appeared at the right slope after open cut and part of which showed a sliding trend. The left low slope shaped to the free side too but the displacement was lower.
Mechanics Effect Analysis of the Anti-slide Pile During the Tunnel Construction
Figs. 4 and 5 show the construction of tunnel foundation and supporting arch with anti-slide pile and without, respectively.
Figs. 6 and 7 show the backfill construction at tunnel vault with anti-slide pile and without, respectively.
From Figs. 8 and 9 it can be seen that the maximum displacement of the right slope due to core soil excavation was 381 mm under the installation of anti-slide pile, which was smaller than that of without anti-slide pile (852 mm). Therefore the anti-slide pile was necessary for reducing the slide hazard due to core soil excavation. 
Liquid-solid Coupling in PFC
The void geometry in an assembly of circular particles in PFC is regarded as a network structure of identical dots linked by pipe between two adjacent domains.
As far as the fluid is concerned, the pipe is equivalent to a parallel-plate channel, with length L, aperture a and unit depth (in the out-of-plane dimension). The flow rate (volume per unit time) in a pipe is given by:
Where k is a conductivity factor and P 2 −P 1 is the pressure difference between the two adjacent domains. The sign convention is such that a positive pressure difference produces a positive flow from domain 2 to domain 1.
(1) When the compressive force is taken as positive, the aperture a satisfied the following equation:
Where a 0 is the residual aperture for zero normal force, F 0 is the value of normal force, F is the value of normal force at which the aperture decreases to a 0 /2.
(2) When the normal force is tensile (intact bond) or it is zero, then the aperture a is simply equal to:
Where m is a dimensionless multiplier, g is the normal distance between the surfaces of the two particles.
Each domain receives the flows from the surrounding pipes: ∑ q . In one timestep t Δ , the increase in fluid pressure is given by the following equation, assuming that inflow is taken as positive.
Where P Δ is the increment fluid pressure, K f is the fluid bulk modulus and V d is the apparent volume of the domain. In a word, there are three forms of coupling between the fluid and the solid particles in PFC as follows: (1) Changes in aperture are caused by contact opening and closing, or changes in contact force; (2) Mechanical changes in domain volumes cause changes in domain pressures; (3) Domain pressure exerts tractions on the enclosing particles.
Building Computational Model
The model considered was a range of 10 m × 10 m (width × height) in which the center was installed a grouting hole with a drainage area of radius 0.1 m and a grouting pressure 1.5 MPa (Fig. 12) . In order to analyze the variations of the porosity and grouting pressure in the surrounding soil around the grouting hole, three measurement circles were set up with radii of 1.0 m, 2.0 m and 3.0 m, respectively. The computational model built by PFC is shown in Fig. 12 .
The physics and mechanics parameters used in the model are listed in Table 2 and Table 3 . Table 2 . Physics and mechanics parameters of the particle model 
Simulation Analysis Scheme
The simulation analysis scheme was as follows：
Step 1: The computational model was built and calculated to stress equilibrium state under soil self-weight, then the displacements of particles were reset to zero.
Step 2: Based on the above step, the initial equilibrium of fluid-solid coupling was executed and after which the displacements of particles were reset to zero.
Step 3: Under the given grouting pressure, the fracturing grouting test was simulated with fluid-solid coupling calculation.
Grouting Effect Analysis in the Surrounding Rock of Tunnel
It could be seen from Fig. 13 that the grouting pressure (blue) spread from the center grouting hole to the surrounding soil and got smaller under the given grouting pressure of 1.5 MPa. The compression (red) and tension (black) cracks appeared in the surrounding soil from the near to the distant. Most cracks occurred within a radius of 1.0 m and very few cracks could be found outside a radius of 2.0 m, which meant that the main controlling scope of grouting fracture was within a radius of 2.0 m. Figs. 14 and 15 show the curves of porosity and compressive stress in the surrounding soil of the grouting hole, respectively, under different measurement ranges. The porosity variation in the surrounding soil was on the whole spreading inside-out from large to small (Fig. 14) during the grouting test. In the initial stage, the soil porosity within the 2.0 m radius circle started lower than that within the 3.0 m radius circle and ended higher, which meant the grouting process experienced a gradual development of near fracturing and distant compacting. The particle stress in the soil around the grouting hole was also spreading inside-out from large to small (Fig. 15) and experienced the complicated variation of tension and compress during the grouting test. 
Conclusion
For the shallow tunnel construction on the slope in mountains, the nonlinear mechanical behavior under loading and unloading conditions (e.g. excavation and backfill construction) can be modelled by PFC technique and the particle displacement trends can be displayed graphically. The results showed the construction scheme with anti-slide pile could effectively control the landslide and reduce risks during the core soil excavation, which was of certain reference value to similar engineering.
The process of crack generation, development and extension during fracturing grouting process can be simulated by using PFC technique. The grout diffusion, soil compaction and fracturing effect during the grouting process were analyzed based on a practical engineering, which is of great meaning of theoretical and practical in discussing and building the connections between micro variation of physical and mechanical parameters and the macro mechanical response.
